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Self-assembling of amphipathic lipid films on solid support allows the structural investigation of
important biological model systems, such as the vectorlike lipid membranes, in order to improve
DNA transfection in nonviral gene therapy. We present a neutron reflectivity study of a binary lipid
system composed of dioleoylphosphatidylcholine �DOPC� and dimethyldioctadecylammonium
bromide �DDAB� deposited on �100� silicon support by means of spin coating technique. We
underline their lyotropic behavior under saturated deuterium oxide �D2O� vapor thus pointing out
that the lipid mixture is organized in ordered domains composed of plane lamellar bilayers of
noninteractive DOPC and DDAB. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2917807�

Monolayer and multilayer solid supported lipid nano-
films are considered as an attractive and useful model system
for biological membranes1,2 and have been extensively stud-
ied as a peculiar class of materials because of their potential
applications in various fields.3,4 Despite this, many structural
features of such systems still have not been unraveled mainly
due to their amphipathic behavior.

Many techniques, such as small angle x-ray scattering,5

x-ray and neutron reflectivity,6 atomic force microscopy,7

and infrared near field microscopy,8 have been employed to
reveal the structural properties of these systems. In particu-
lar, by means of neutron reflectivity applied to the study of
amphipathic systems, it is feasible to investigate the structure
of solvated hydrophilic heads using deuterated water and
also to evaluate the structural behavior of the aggregation
with the same high sensitivity both on ionic or polar sector
and on the hydrocarburic apolar one.6,9 This paper aims at
establishing the structural vertical organization of the thin
film composed of amphiphilic molecules which are believed
to play a pivotal role in nonviral gene therapy.5,10 DNA trans-
fection into cells can be effectively engineered through the
use of cationic lipid/DNA “lipoplexes,” although their trans-
fection efficiency is sensitive to the neutral “helper” lipid
included.11,12 Morphologic features of each cationic lipid/
helper system can be understood using solid supported mem-
brane models in order to evaluate the actual role played by
the helper in forming and maintaining lipid-DNA linkage.11

Therefore, experiments were performed using neutron reflec-
tivity technique13 on the helper neutral crystal liquid dio-
leoylphosphatidylcholine �DOPC� on the cationic crystal gel
dimethyldioctudecylammonium bromide �DDAB� and on the
lipid mixture DOPC-DDAB, all spread by spin coating on
silicon substrate chemically etched. It has been recently
reported14 that the spin-coating technique generates a homo-
geneous thin film, made by a limited and controlled number
of lipid layers by varying the parameters of deposition
�amount and concentration of lipid solution and rotational
speed�. Such systems are characterized by a low roughness,

thus, permitting the decrease in the perturbations induced by
diffusive scattering on the exchanged momentum Qz of neu-
trons reflected by the interfaces. In our previous paper,6 we
found that the mixture composed of cationic
dioleoyltrimethyl-ammonium propane �DOTAP� and neutral
DOPC lipids, which was deposited on silicon wafers by spin
coating, was ordered as multiple bilayers with the presence
of micron-sized clusters and DNA did not manage to orga-
nize itself within the mixture. For this reason, particular at-
tention has been devoted to enlighten the noninteracting
DOPC and DDAB sample contribution with respect to the
properties shown by their mutual interaction. In order to
compare the results obtained by neutron reflectivity under
the same environmental conditions, the same samples have
been studied through energy dispersion X-ray diffraction
�EDXD� at grazing incident angle �0.45°� in Bragg geometry,
using a chamber under controlled relative humidity and tem-
perature.

DDAB �MW=631� and DOPC �MW=786.13� �mw de-
notes molecular weight� purchased from Sigma-Aldrich, �St.
Louis Missouri, USA� were solved in chloroform at a
5 mg /ml concentration. In order to work in excess of helper
conditions, but still with a DDAB amount so that a good
reflectivity signal intensity can be obtained, we prepared the
DOPC-DDAB chloroform solution, with a molecular weight
fraction of �=DOPC /DOPC+DDAB=0.7. After a pre-
cleaning treatment using ethanol and trichloroethane, �100�
silicon wafers were prepared by wet chemical etching to pro-
vide hydrogenated surfaces suitable for interaction with low
dipolar electric moment solvent.14 After 10 min of cleaning
using a mixture of bidistillated �dd� water, hydrogen perox-
ide, and chloridric acid solution at 8:2:1 ratio, the wafers
were immersed for 15 min in a 10% fluoridric acid solution.
Finally, the obtained H-terminated supports were cleaned
with dd H2O and placed in a dry box to remove every trace
of water and to prevent hydrogenated silicon to rapidly
oxidize.15 A constant amount of lipid solution was deposited
on etched surface with a Convac spinner model 1001 �Con-
vac Technologies, Sichuan China�, selecting a sample spin
speed of 3000 rpm. Neutron reflectivity experiments were
performed at the CRISP energy dispersion reflectometer at
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the ISIS pulsed neutron source facility �Rutherford Appleton
Laboratory�. Starting from the reflectivity patterns, it is pos-
sible to calculate the scattering length density �SLD� profile
thus mapping the density of the scatterers in the direction
normal to the surface. This interfacial profile can be analyzed
to determine a film’s total thickness, material composition,
periodicity, and roughness.13 We performed the reflectivity
measurements with nonhydrated samples in air conditioned
at 20 °C and 50% relative humidity �RH� environment.
CRISP facility is endowed with a hermetic hydration cham-
ber by means of which the lyotropic response of water-
exposed lipid multilayers can be observed. In order to maxi-
mize the SLD contrast, the samples were hydrated in
saturated D2O vapor conditions �RH=100% �. D2O was per-
meated within the cell, without wetting the sample16 and the
chamber was carefully kept at 20 °C. The equilibrium be-
tween the chemical potential of D2O saturated vapor and that
of D2O absorbed from the lipid film was assessed by means
of low-statistic preliminary measurements, within regular
amounts of time.

The results of individual DOPC and DDAB on silicon
wafer obtained on full hydrated condition �RH=100% � were
compared with those obtained in air and shown in Figs. 1�a�
and 1�b� respectively, for the two lipids. Neutron reflectivity
measurements, obtained at 0.25°, 0.6° and 1.4°, were com-
bined together in order to investigate a broad QZ range.
DOPC deposited on silicon sample, after being prepared and
assessed twice, allowed us to verify the measurement repro-
ducibility. A model SLD profile was generated starting from
the physical characteristics of the system, and used to calcu-
late the reflectivity curve, through the iterative dynamic
method.17 The physical model we chose depicts a homoge-
neous lipid film as mainly built up by a periodic assembly of
a double layer of heads alternated with a double layer of
tails. If necessary, further independent layers adjacent to the
periodic multilayer, generally as film edges, were inserted.
The SLD profile as a function of the film height, starting
from the surface layer and moving toward the substrate was
obtained by least-squares iterative procedure. Data analysis
was performed using PARRATT32 software.18 The individual
lipids in 50% RH conditions, appear vertically located in a
plane lamellar structure composed of six double layers plus
an independent external layer. The main morphological in-
formation we obtained are summarized in Table I. D2O pres-
ence into lipid films determines an enhanced SLD contrast
allowing to increase the quality of the measurement and to
gain some information about the completely hydrated struc-
ture behavior. In Fig. 2, we show the comparison between

the DOPC and DDAB SLD profiles both in air and in full
hydration conditions, evidencing that the layer adjacent to
the substrate is made up of hydrated heads. Moreover, we
assessed that whereas a lyotropic mesophase is associated
with the DOPC hydrated structure, causing a polar head sec-
tion swelling19,20 and a simultaneous thinning of hydrocar-
bon portion, D2O presence upon DDAB determines only a
little increase in the head section coupled to a light bilayers
compression. D2O molecules adsorption increases the vol-
ume of each phosphatidylcholine of DOPC determining an
enhancement of the reticular constant found in Fig. 1�a�.
From such swelling, we estimate an increase of a 15 water
molecules per lipid which relates to a 50% RH increase.21

Both the loss of the ordering in normal direction �z� of a
double layer and the increase of the thickness of the external
independent layer of the hydrated DOPC film �Table I�, leads
us to the hypothesis of a detachment of the more external
bilayer. In fact, superficial instabilities are due to the 100%
RH condition.22 The little increase of hydrated DOPC lattice

FIG. 1. Reflectivity spectra of �a� DOPC, �b� DDAB, and �c� DOPC/DDAB
mixture �mix�, in full hydrated and nonhydrated conditions.

TABLE I. Physical parameters of full hydrated and unhydrated single lipids.

Physical
parameters

DOPC
�a�In air

Full hydrated

DDAB
�a�In air

Full hydrated

Bilayers number
In air

�a�6 bilayers+1
distinct layer

�a�6 bilayers+1
distinct layer

Full hydrated 5 bilayers+1
distinct layer 7 bilayers

Heads SLD �Å−2� �a�1.36�10−6

2.92�10−6

�a�1.18�10−6

4.02�10−7

Heads roughness �Å� �a�8
5

�a�9
1

Tails SLD �Å−2� �a�−1.28�10−7

−4.34�10−7

�a�−3.68�10−7

−2.40�10−7

Tails roughness �Å� �a�7
2

�a�9
6

Head vertical extension �Å� �a�7.7�0.1
10.9�0.1

�a�3.2�0.1
3.8�0.1

Head spherical section �Å2� �a�46�1
93�1

�a�9�1
11�1

Tail vertical extension �Å� �a�15.1�0.1
13.2�0.1

�a�14.6�0.1
13.3�0.1

Tail cylinder section �Å3� �a�860�1
270�1

�a�490�1
750�1

Lattice constant �Å� �a�45.6�0.4
48.2�0.4

�a�35.6�0.4
34.3�0.4

Independent layer SLD �Å−2� �a�2.64�10−7

2.61�10−7

vertical extension �Å� �a�32�1
71�1

Film thickness �Å� �a�353�1
390�1

�a�240�1
240�1

FIG. 2. SLD profiles of �a� nonhydrated DOPC, �b� nonhydrated DDAB, �c�
full hydrated DOPC, and �d� full hydrated DDAB.
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constant and the thickness of the choline head layer adjacent
to the substrate help the ordered film observed in hydrated
DOPC to increase in thickness. Conversely to hydrated
DOPC, measurements performed on DDAB sample by
means of EDXD �data not shown�, confirm the weak ten-
dency of this system to let water enter into multilayers and
the stability of the film under a relative humidity gradient.
This behavior is due both to the peculiar DDAB molecular
structure �i.e., the presence of Br− and the absence of hydro-
philic linker between the hydrophobic and the hydrophilic
part� and also to its aggregation state as a crystalline gel.23–26

In particular, the Br− presence affects DDA+ phase behavior,
as demonstrated in Ref. 19, attenuating the repulsive electric
field amidst the heads, promoting the hydrocarbon chains
interactions and conferring the structure a low value of
hydrophilic-lipophilic balance. Such assessment could ex-
plain the observed low interacting affinity between the two
mixture components.27,28 In fact, the reflectivity curve ob-
tained on the mixture in air condition and reported in Fig.
1�c� clearly shows the presence of two Bragg peaks centered
at 0.138 and 0.17 Å−1, corresponding to the lamellar spacing
of the single lipids DOPC and DDAB, respectively �see
Table I�. Such coincidence proves that every single compo-
nent of the mixture forms a separate lamellar structure with
the same lattice constant of the single lipids �Figs. 1�a� and
1�b��. Moreover, Fig. 1�c� shows the behavior of the mixture
exposed to saturated D2O vapor underlining again two
lamellar phases. The first one presumably consists of DOPC
domains with a notable increase of the lattice constant
�d=56.7 Å� in the hydrated mixture, whereas the second
one, characterized by a diffraction peak at 0.17 Å−1, corre-
sponds to hydrated DDAB sample profile. Lattice constant
increase, due to deuterated water adsorbed among the heads
of each bilayer, happens to be higher in DOPC domains
present in the mixture with respect to the pure sample �see
Table I�. In fact, due to a rather disorganized bordered inter-
facial layer among the domains of heterogeneous lipid struc-
tures, an increase in water and small ions diffusion capacity
has been noticed.29,30 The mixed system has not been mod-
eled and only a Gaussian model of the Bragg peaks zone of
the reflectivity profile was generated. Thus, in order to fur-
ther validate such results, we performed EDXD measure-
ments on the same DOPC-DDAB mixture �Fig. 3�a��. Such
measurements, performed in different regions of the sample,
confirm that the mixture is organized in distinct vertical or-
dered domains of not mixed DOPC and DDAB. In order to
stress the influence of the physical aggregation state of
DDAB on such cluster formation, in Fig. 3�b�, we show the
EDXD spectrum of the solid supported DOPC-DDAB mix-
ture treated in water-saturated vapor environment at a tem-
perature higher with respect to that of crystal gel—crystal

liquid DDAB phase transition.26 Temperature induces the
dissolution of such clusters on behalf of a single crystal-
liquid mesophase which we associated to the higher Bragg
peak �54.8 Å�; however, the geometrical ordering is not yet
clear �work in progress�. Such thermal-lyotropic transition,
in fact, does not appear to be complete throughout all the
points of the support surface and the other two small peaks
shown in Fig. 3�b�, centered at Qz= 0.143 Å−1 and
0.168 Å−1, could be related to the presence of the individual
not dissolved lipids. The different lyotropic behavior of
single lipids leads us to make the hypothesis that DDAB
would be clusterized in DOPC also in liposomes composed
of these two molecules, dispersed in water solution at room
temperature, weakening the helper role in favoring the lipid/
DNA complex formation. For this reason, the same samples
prepared with different preparation methods will be analyzed
also by other spectroscopic techniques to highlight that the
properties of the aggregations are peculiar of the lipid com-
ponents and not affected by the experimental method used.
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